The reactions of {Cr6} horseshoe chains {[ n Pr2NH2]3[Cr6F11(O2C t Bu)10]}2, 1 and precursors of actinides and group IV metals led to a series of ring complexes [ n Pr2NH2][Cr7TiF6O2(O2C t Bu)16], 2, [ n Pr2NH2][Cr6Ti2F5O3(O2C t Bu)16], 3, [Cr6ThF7(O2C t Bu)15 (Me2SO)], 4, [( n Pr2NH2)2(Cr6Th2F12(O2C t Bu)16)], 5 and [ n Pr2NH2][Cr6U2O2F8(O2C t Bu)16(Me2SO)], 6. X-ray structure studies indicate that the {Cr6} chains maintain their structures in these complexes, acting as polydentate fluoride ligands. Their static magnetic properties were measured and fitted by isotropic exchange Hamiltonian. In accordance with 1, the magnetic exchanges between Cr III are antiferromagnetic, while the exchange interactions can be modified by the tetravalent metals. For compound 6, ferromagnetic exchanges JCr-U and JU-U are obtained. EPR spectra of compounds 2-5 were measured at Q band and were simulated. The spectrum of 2 has the same profile as {Cr7Cd} and {Cr7Zn} rings with a ground state S = 3/2. 3, 4 and 5 give similar EPR spectra with S = 0 ground states.
Introduction
We have been focusing on anti-ferromagnetically coupled heterometallic rings because of their interesting magnetic frustration behaviour and potential application in quantum information processing. 1 3 {Cr 6 F 11 (O 2 C t Bu) 10 }] 2 adopt a " horseshoe" motif of chromium centres, each with six terminal fluoride ligands. Reactions between {Cr 6 } chains and precursors of sodium 3 and lanthanides 4 lead to a series of {(Cr 6 )M x } n (M = Na, Y, Ce, Gd) clusters including cage, ring and bicycle motifs. In the obtained clusters, the {Cr 6 } horseshoe chains maintain their characteristic structures and bind the metal ions with the terminal fluoride ions. These results have shown that {Cr 6 } chains can act as fairly robust polydentate fluoride ligands for hard metals. Fluoride is widely used to extract actinides because the resultant compounds are insoluble in water and can be separated with redox reactions. 5 The monovalency and high electronegativity of fluorides lead to a very limited number of polydentate fluoride donor ligands (i.e. SiF 6 2can as a bridging ligand, but this is quite rare 6 ). As these chains bind electropositive elements, we reasoned they would bind strongly to the actinides and prevent the precipitation of extremely insoluble AnF 4 salts. The development of new ligands for actinide binding is a very important field of chemistry, especially in the context of nuclear fuel processing and recycling.
In addition, the clusters combining paramagnetic transitionmetal and actinide ions may exhibit interesting single-molecule magnets (SMMs) behaviours. For example, M. Mazzanti et.al have reported a ring-shaped {[UO 2 (salen)] 2 Mn(Py) 3 } 6 as an SMM with a U eff = 99 cm −1 . 7 The aim of this work was to investigate whether we could make {Cr 6 } chains bind to tetravalent actinides Th IV and U IV . Prior to experiments involving radioactive materials, we studied the binding of {Cr 6 } chains to titanium(IV). Unless stated otherwise, all reagents and solvents were purchased from commercial sources and used without further purification. For U IV reactions, all manipulations were carried out using standard Schlenk and glove box techniques under an atmosphere of dry argon. Solvents were dried by refluxing over potassium and degassed before use. All solvents were stored over potassium mirrors. Most solid reagents were dried under vacuum for four hours and most liquid reagents were dried over 4 Å molecular sieves and distilled before use. Analytical data were obtained by the microanalysis laboratory at the University of Manchester-carbon, hydrogen, nitrogen analysis (CHN) by a Flash 2000 elemental analyser and metals analysis by Thermo iCap 6300 inductively coupled plasma optical emission spectroscopy (ICP-OES).
Thermo Fisher Scientific "Exactive Plus EMR Orbitrap" mass spectrometer was used for mass spectrometry analysis. The samples were ionised in the electrospray ion source operated in both positive and negative modes, ~3.5 kV was applied to the capillary. The ions were detected using electrostatic trap with mass resolution of ~140000 and stability sufficient to achieve a precision of <5 ppm for mass measurements.
Starting materials
The UCl 4 (0.38 g, 1 mmol) and KO 2 C t Bu (0.56 g, 4 mmol) were refluxed with stirring in toluene for 12h at 120 o C. Then the reaction mixture was allowed to cool to room temperature. The solution was filtered and the filtrate was concentrated and stored at 5 °C to give the crystalline product as green needles. Crystalline product yield: 0.224 g, 38% based on U. 
Crystallography Data Collection
Single crystal X-ray diffraction data were collected for the crystal structures 2 and 3 at a temperature of 150 K using Mo-Kα radiation , (λ = 0.71073 Å) on an Oxford X'calibur diffractometer, equipped with an Atlas CCD detector and an Oxford Cryojet nitrogen flow gas system. Data was measured using CrysAlisPro suite of programs. X-ray data for compound 4 were collected at a temperature of 150 K using MoK α radiation, (λ = 0.71073 Å) on an Agilent Technologies Supernova diffractometer equipped with an Eos CCD detector and an Oxford Cryostream 700 nitrogen flow gas system. X-ray data for compounds 5 and 6 were collected at a temperature of 150 K using CuK α radiation (λ = 1.54184 Å) on an Bruker X8 prospector diffractometer equipped with an Apex II CCD detector and an Oxford Cryostream 700 nitrogen flow gas system.
Crystal structure determinations and refinements.
X-ray data for crystals 2, 3, 4 and 5 were processed and reduced using CrysAlisPro suite of programs. Absorption correction was performed using empirical methods based upon symmetry-equivalent reflections combined with measurements at different azimuthal angles using SCALE3 ABSPACK. X-ray data for crystal 6 were processing using Bruker SAINT and absorption correction was performed using empirical methods based upon symmetry-equivalent reflections combined with measurements at different azimuthal angles using Bruker SADABS. The crystal structures for all were solved and refined against all F 2 values using SHELX-2016 implemented through Olex2 v1.2.8. 9 All non-H atoms were refined anisotropically, with the exceptions of the carbon atoms corresponding to disordered solvent toluene molecules. Hydrogen atoms were placed in calculated positions refined using idealized geometries (riding model) and assigned fixed isotropic displacement parameters. Occupancies of the Chromium and Titanium atoms were fixed to a 7:1 and 3:1 ratio in crystals 2 and 3, respectively. The position and atomic displacement parameters were constrained to be equal using EXYZ and EADP commands. Occupancy of the bridging fluorides and oxides were set to have 3:1 and 5:3 proportions in crystals 2 and 3, respectively. The atomic displacement parameters were constrained to be equal using EADP command. Pivalate ligands in all the crystal structures were disordered and modelled over two positions where possible. Same distance and fixed distance restraints were applied to restrain some of the C-C bonds. Similar neighbouring atomic displacement parameter (apd) and rigid bond restraints, and in some cases isotropic adp restraints were used to restrain the apds.
Physical measurements
Variable temperature and field-dependent magnetic moment data were recorded on a Quantum Design MPMS XL7 SQUID magnetometer. To avoid sample reorientation during measurements, ground samples were fixed with a known amount of eicosane. Diamagnetic corrections were applied using tabulated Pascal constants and measurements were corrected for the effect of the blank sample holders (straw or flame sealed Wilmad NMR tube) and eicosane.
Continuous wave EPR spectra were recorded at Q-band (ca. 34 GHz) using a spectrometer equipped with a Bruker EMX EPR console, a 1.8 T magnet and a Bruker ER051 QG microwave bridge with an ER 5106 QT (Q band) resonator. The data were collected on polycrystalline powders grounded with eicosane at variable low temperatures (using a liquid He Oxford Cryostat).
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The structure of 2 consists of an octametallic ring, bridged internally by two μ 2 -oxide and six μ 2 -fluoride anions, with each M...M edge further bridged on the periphery by two pivalate ligands (Figure 1) . The Ti IV ion cannot be localised within the structure and is modelled as disordered over eight metal sites. This is a common feature for {Cr 7 16 ] 3. Again it is not possible to localize the Ti IV sites in the crystal structure of 3, which generates the possibility of structural isomers. Given the other chemistry we have seen starting with 1 we believe it most likely that the two Ti IV ions neighbour each other in the structure.
Electrospray mass spectrometry confirms the constitution of these structurally analogous clusters, with 2 and 3 giving distinct positive ion peaks by electrospray mass spectrometry ( Figures  S1 and S2 The severe positional disorder in these structures makes any analysis of metric parameters impossible; the necessary restraints imposed on the crystallographic model preclude this. Attempts were also made to combine 1 and precursors of Zr 16 )(Me 2 SO)], 6. The structure differs significantly from 5 (Figure 2c) . A complication in preparing the crystallographic model arises from the potential presence of two monoatomic ligands -fluoride and oxide with a metal that can vary oxidation state. Here we report the result we believe most likely based on metric parameters and refined thermal parameters, but clearly other alternatives are possible which would then change the oxidation states of the uranium centres. The U….U edge is bridged by two fluorides (average U-F bond length 2.330 Å) and two pivalates. This implies there two eight-coordinated U sites with differing oxidation states, based on the charge balance of the complex, one being a U V ion and the other a U IV ion. Both U sites are bridged to Cr through oxides Compound 6 is an anomaly in these systems with the potential oxide bridging, assuming the oxidation states of the uranium sites are correct.
SQUID Magnetometry
Variable-temperature magnetic susceptibilities were recorded in an applied dc field of 0.1 T and 0.5 T for compounds 2 -6 to study the effect of the M IV ions to the magnetic exchange pathways of the Cr x chains. The plots of molar magnetic susceptibility (c M and c M T) of the five compounds are similar, indicating antiferromagnetic intra-molecule exchanges. All the data for 2 -5 were fitted 15 with a simple isotropic exchange Hamiltonian, where J 1 and J 2 are the terminal and internal Cr-Cr exchange coupling constants within the (n + m) -membered rings, with n = number of paramagnetic metal ions:
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In 2 -5, the only paramagnetic centres present are within the {Cr 6 } chain and the data can be fitted with g Cr fixed at 1.98 allowing the exchange interactions to vary. The best fit parameters (in cm -1 ) are: for 2, J 1 = J 2 = -5.7; for 3, J 1 = -5.8, J 2 = -5.3; for 4, J 1 = -4.8, J 2 =-6.8; for 5, J 1 = -5.3, J 2 = -6.2 cm -1 . (Figure   3a and Figure S3 ). We have previously observed variations of the two exchange interactions in Cr-chains; 16 here the variation seems to be dependent on the tetravalent metal present and the bridging atoms at the terminal Cr III . For the two Ti IV rings the two exchange interactions are very similar. For the two Th IV rings, the internal Cr…Cr exchange (J 2 ) is larger than the terminal exchange.
The temperature dependence of c M for 6 is markedly different to that observed for 3-5 as might be expected as both U V and U IV are paramagnetic (Figure 4 ). Quantifying the contribution of these ions is very difficult due to very large spinorbit coupling for actinides. [17] [18] [19] It is possible to fit the magnetic data measured on 6 assuming a spin-only approximation and four different J-couplings accounting for the different metal pairs present in the ring (Cr….Cr, Cr….U and U….U) giving J Cr-Cr = -5.2 cm -1 , J 1Cr-U = -4.0 cm -1 , J 2Cr-U = +4.0 cm -1 and J U-U = +0.8 cm -1 .
( Figure S5 ). The "spin-only" approximation associated with most 3d transition metals cannot be widely used and can act only as an estimation of the lower limit of exchange coupling between such ions. Whether the derived parameters have any physical meaning is doubtful. Magnetization (M) as a function of field (H) was measured for 2, 4, 5 and 6 at 2.0 and 4.0 K (Figure 3b, 4b and Figure S4 ).
For 2, the magnetization saturates in accordance with a S = 3/2 ground state at low temperature. For 4 and 5, the slow-increase in isothermal magnetization confirms the intramolecular antiferromagnetic coupling and S = 0 ground state. The magnetization of 6 increases faster at low field than 4 and 5. This suggests 6 has a paramagnetic ground state.
EPR Spectroscopy
Variable temperature EPR spectra of compounds 2-5 were measured at Q-band (ca. 34 GHz). All compounds give rich and temperature-dependent EPR spectra below 20 K. EPR simulations were performed with Easyspin 20 using a strong exchange limit approximation where the EPR transitions occur within the thermally populated S levels of the metal chain at a given temperature. 21 Simulation of these individual states separately using axial (D) and rhombic (E) zero field splitting parameters followed by addition give a good agreement with the observed spectra ( Figure 6 and 7) . The spectrum of 2 ( Figure  6a ) has the same profile as {Cr 7 Please do not adjust margins Please do not adjust margins remaining features attributed to the first two excited states (S = 1/2 and 5/2), thus it was simulated with similar parameters ( Figure S7a ). Compounds 3, 4 and 5 ( Figure 6 and 7) have S = 0 ground states, and give similar EPR spectra. For all three compounds the majority of the observed resonances can be assigned to S = 1 and S = 2 excited states. The intensity of the low field peak is increased with lowering the temperature and this is assigned as the Δm s = ±2 transition of a spin triplet state. The majority of the remaining features can be attributed to the S = 2, the simulation of which required the addition of an axial fourth-order term 5 6 7 for all compounds.
Some features around 1230 mT in the spectra of 3 and 5 are not accounted for in the simulation and can be attributed to either the S = 3 next excited state or, in the case of 3, to the presence of other linkage isomers that would generate a single Cr III or Cr 5 chains. The former explanation seems more likely given their magnetic behaviour and the temperature dependence of their EPR spectra ( Figure S6 ). The spectrum of compound 6 has a very broad feature at g eff = 1.98 and some very weak features appearing at higher temperatures ( Figure  S6d ). Thus it is not possible to assign any spin states in the spectrum.
Conclusions
The chemistry of {Cr 6 } horseshoe chains as ligands has been extended to actinides and Ti IV . The reactions of the {Cr 6 } chains 1 and precursors of actinides and group IV metals led to a series of rings {Cr 7 Ti}, 2, {Cr 6 Ti 2 }, 3, {Cr 6 Th}, 4, {Cr 6 Th 2 }, 5 and {Cr 6 U 2 }, 6. Complex 4 is a rare example of a heptametallic ring and is similar to {Cr 6 Ce}. 5 and 6 are eight membered rings similar to {Cr 6 Y 2 }. The {Cr 6 } chains maintain their structures in these complexes and bind the tetravalent metals with same mode. This indicates that {Cr 6 } chains can act as polydentate fluoride ligands for actinides and Ti IV to construct antiferromagnetic coupled heterometallic rings. Their static magnetic properties were measured and fitted by isotropic exchange Hamiltonian. In accordance with 1, the magnetic exchanges between Cr III are antiferromagnetic, while the exchange interactions can be modified by the tetravalent metals. For complex 6, ferromagnetic exchanges J Cr-U and J U-U are obtained. EPR spectra of compounds 2-5 were measured at Q-band and were simulated. The spectrum of 2 has the same profile as {Cr 7 Cd} and {Cr 7 Zn} rings with a ground state S = 3/2. 3, 4 and 5 give similar EPR spectra with S = 0 ground states.
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